Propionate is produced in the human large intestine by microbial fermentation and may help maintain human health. We have examined the distribution of three different pathways used by bacteria for propionate formation using genomic and metagenomic analysis of the human gut microbiota and by designing degenerate primer sets for the detection of diagnostic genes for these pathways. Degenerate primers for the acrylate pathway (detecting the lcdA gene, encoding lactoylCoA dehydratase) together with metagenomic mining revealed that this pathway is restricted to only a few human colonic species within the Lachnospiraceae and Negativicutes. The operation of this pathway for lactate utilisation in Coprococcus catus (Lachnospiraceae) was confirmed using stable isotope labelling. The propanediol pathway that processes deoxy sugars such as fucose and rhamnose was more abundant within the Lachnospiraceae (based on the pduP gene, which encodes propionaldehyde dehydrogenase), occurring in relatives of Ruminococcus obeum and in Roseburia inulinivorans. The dominant source of propionate from hexose sugars, however, was concluded to be the succinate pathway, as indicated by the widespread distribution of the mmdA gene that encodes methylmalonyl-CoA decarboxylase in the Bacteroidetes and in many Negativicutes. In general, the capacity to produce propionate or butyrate from hexose sugars resided in different species, although two species of Lachnospiraceae (C. catus and R. inulinivorans) are now known to be able to switch from butyrate to propionate production on different substrates. A better understanding of the microbial ecology of short-chain fatty acid formation may allow modulation of propionate formation by the human gut microbiota.
Introduction
The human large intestine is inhabited by a diverse microbial community that influences host health through a number of mechanisms, including the production of metabolites, a barrier function against pathogens, and interactions with the host's immune system and physiology (Flint et al., 2012b) . The breakdown of non-digestible carbohydrates originating from the diet leads to the formation of fermentation acids, mainly the short-chain fatty acids (SCFAs) acetate, propionate and butyrate. SCFAs are absorbed by the host and used as an energy source but also have a variety of distinct physiological effects. Butyrate, in particular, is believed to counteract colorectal cancer and inflammation (Hamer et al., 2008; Berni Canani et al., 2012) . Propionate also has potential health-promoting effects that include anti-lipogenic, cholesterollowering, anti-inflammatory and anti-carcinogenic action (Hosseini et al., 2011; Vinolo et al., 2011) . Furthermore, the potential role of propionate in enhancing satiety (Arora et al., 2011) is of increasing interest given the rising incidence of obesity across the world. Recent proteomic work suggests that some of the effects of propionate at the cellular level differ from the action of butyrate (Kilner et al., 2012) . The recently deorphanised SCFA receptors FFA2 and FFA3 are likely to mediate some of the actions of propionate; however, the exact mechanisms remain to be established (Ulven, 2012) . Enhancing propionate production in the colon through dietary intervention with non-digestible carbohydrates is an attractive approach for increasing satiety and maintaining health; however, in-depth knowledge of propionate producers within the gut microbiota is required for the development of dietary strategies.
In order to understand and manipulate SCFA formation by the human colonic microbiota, we need to know which phylogenetic groups, substrates and pathways have major roles in the formation of each acid. Relevant information is now available for butyrate formation Flint, 2009, Louis et al., 2010) but is currently lacking for propionate. Three different biochemical pathways for propionate production are known to be present in the microbiota (Figure 1 ). Bacteroidetes utilise the succinate pathway via methylmalonyl-CoA (Macy and Probst, 1979) , which is also present in several Firmicutes bacteria belonging to the recently proposed new class of Negativicutes (formerly classed as Veillonellaceae or Clostridial cluster IX (Marchandin et al., 2010) ). Bacteroidetes mainly utilise polysaccharides and peptides for growth (Macy and Probst, 1979, Flint et al., 2012a) , whereas in Firmicutes propionate formation has been reported from organic acids as well (Seeliger et al., 2002; Watanabe et al., 2012) . Veillonella parvula gains additional energy from succinate in the presence of lactate as the main growth substrate (Janssen, 1992) , whereas Phascolarctobacterium succinatutens, isolated from human faeces, can grow on succinate alone (Watanabe et al., 2012) . Selenomonas ruminantium strains isolated from the rumen produce lactate, acetate and propionate from carbohydrates, and some are also able to utilise lactate for growth (Bryant, 1956; Gilmour et al., 1994) . This class of bacteria remains understudied in the human gut and it remains to be established which genera dominate in this ecosystem. The acrylate pathway for propionate formation has been characterised in detail in the soil bacterium Clostridium propionicum (Hetzel et al., 2003) , and the corresponding genes have recently been described (Kandasamy et al., 2013) . This pathway is also present in the rumen bacterium Megasphaera elsdenii within the Negativicutes (Hino and Kuroda, 1993) , which produces butyrate during growth on glucose, but propionate during growth on lactate (Hino and Kuroda, 1993) . It is possible to distinguish the succinate pathway from the acrylate pathway by incubation with stable isotope-labelled substrates (Bourriaud et al., 2005; Morrison et al., 2006) . Finally, several different bacteria are known to produce 1,2-propanediol from deoxy sugars such as fucose and rhamnose, or via different pathways from dihydroxyacetonephosphate or lactate (Saxena et al., 2010) . In some bacteria, including Salmonella enterica serovar Typhimurium, 1,2-propanediol can be further metabolised to propionate or propanol (Bobik et al., 1999) . Propionate formation from Propionate formation in human gut bacteria N Reichardt et al fucose via propanediol has also been described in the human gut anaerobe Roseburia inulinivorans, which produces butyrate rather than propionate when grown on glucose (Scott et al., 2006) . Our primary aim here was to explore the distribution of the three known pathways for propionate production within the human microbiota with genomic and metagenomic approaches. In addition, we demonstrate the operation of the acrylate pathway for propionate production for the first time in an isolated human colonic bacterium by means of stable isotope labelling.
Materials and methods
Bacterial isolation and cultivation Strain GD/7 was isolated on yeast extract-casitonefatty acid (YCFA) medium (Lopez-Siles et al., 2012) containing 25 mM DL lactate from a faecal sample of a 42-year-old man consuming an omnivorous diet as described previously (Louis et al., 2004) . The 16S rRNA sequence of GD/7 was determined (accession number EU266552) as described before (Louis et al., 2004) and blastn analysis revealed that it was 97% identical to Coprococcus catus VPI-C6-61. A fluorescent in situ hybridisation (FISH) probe was designed for C. catus and was used to determine the abundance of this species in human volunteers (for details see Supplementary Information S1). All other bacterial strains used were described before (Dabek et al., 2008) or obtained from the German Collection of Microorganisms and Cell Cultures, the American Type Culture Collection, the National Collection of Industrial and Marine Bacteria (as indicated by DSM, ATCC and NCIMB numbers) or from the Rowett Institute strain collection (V. parvula L59). Bacteria were grown anaerobically in M2GSC (Miyazaki et al., 1997) or YCFAGSC medium (Lopez-Siles et al., 2012) apart from Akkermansia muciniphila DSM 22959 (M2GSC þ 0.2% procine mucin, Sigma-Aldrich, Gillingham, UK) and V. parvula L59 (M2GSC medium with maltose replacing starch þ 1% lactate). Growth experiments on specific substrates were performed in triplicate on basal YCFA medium supplemented with substrates as detailed in the results (at 0.5% substrate, unless specified otherwise). Growth experiments were performed by inoculating 0.1 ml of overnight culture into 7.5 ml of anaerobic medium prepared in Hungate tubes (in a 100% CO 2 atmosphere) followed by incubation for 24 h at 37 1C (Lopez-Siles et al., 2012) . The SCFA and lactate content of samples was determined by gas chromatography analysis following conversion to t-butylmethylsilyl derivatives (Richardson et al., 1989) .
Determination of concentrations and

13
C enrichments in propionate Duplicate culture supernatant samples from YCFA and 25 mM L-lactate with additional universally 13 C-labelled L-lactate at 10 molar % excess were prepared for estimation of concentrations by isotope dilution and for determination of enrichments of SCFA and lactate by gas chromatography coupled with mass spectrometry. They were measured by analysis of the tert-butyldimethylsilyl derivatives. Procedures were as described previously (Belenguer et al., 2007) . The mass spectrometer was operated under electron impact ionisation conditions. For the concentration determinations, appropriate corrections were applied for the enrichments in the sample. Lactate flows to propionate, either through acrylate or through succinate, were obtained from the changes in labelled propionate (M þ 2 and M þ 3), assuming that the succinate route gives half M þ 2 and M þ 3.
Degenerate primer design, PCR and clone library analysis Degenerate primers (Table 1 ) specific for genes lcdA (lactoyl-CoA dehydratase subunit alpha), pduP (CoA-dependent propionaldehyde dehydrogenase), pduQ (propanol dehydrogenase; for further details see Supplementary Information) and mmdA (methylmalonyl-CoA decarboxylase a-subunit of Negativicutes, equivalent to propionyl-CoA carboxylase b-subunit of Bacteroidetes, for details see Results) were designed by visual inspection of protein sequence alignments of genes detected by blastp analysis (Altschul et al., 1990) against the non-redundant database at NCBI (http://blast.ncbi. nlm.nih.gov/Blast.cgi) and using the CoGe database (http://genomevolution.org/CoGe/) (Lyons and Freeling, 2008) . Query sequences: LcdA, C. propionicum AEM62994; PduP, R. inulinivorans ABC25528; PduQ, R. inulinivorans ABC25529; and MmdA, Bacteroides thetaiotaomicron NP_810363. Degenerate primer design was carried out as described previously (Louis et al., 2004) . Primer specificity was validated with genomic DNA prepared with a DNeasy Blood and Tissue Kit (Qiagen, Manchester, UK) from pure cultures of 21 bacterial strains (Supplementary Table S1 ). To confirm specificity of the primers, they were used to amplify the respective genes from faecal DNA from a healthy human volunteer. Fresh faeces was homogenised for 3 Â 1 min in a stomacher and 0.2 g was used to extract genomic DNA using the FastDNA spin kit for soil (MP Biomedicals, Cambridge, UK). PCRs contained 10 ng template DNA, 3 mM MgCl 2 , 10 mM dNTPs, 100 nM of each primer (Table 1 ) and 1 U Taq polymerase (Bioline, London, UK) per 50 ml reaction, and were performed at 95 1C for 3 min, followed by 30 cycles at 95 1C for 30 s, primer-specific annealing temperature (Table 1) (Table 1) . For primer design of Negativicutes primers see Supplementary Information. The PCR amplification protocol was the same as described above. PCR products were cloned and sequenced as described before (Louis et al., 2010) . Sequence accession numbers were KF385507 (lcdA of Clostridium lactatifermentans DSM 14214) and KF385508-KF385859 (faecal clones).
Metagenomic mining methods
The deduced protein sequences of mmdA from V. parvula (accession number ZP_06259922), lcdA from C. propionicum (AEM62994) and pduP and pduQ from R. inulinivorans (ABC25528 and ABC25529) were blasted (tblastn) against the metagenomic data set comprising 124 European individuals (Qin et al., 2010) on the in-house Rowett/ BioSS Beowulf cluster as described before (McIntosh et al., 2012) . Matches with at least 50% sequence identity for LcdA and 55% for PduP and PduQ were selected on the basis of the blastp results in the non-redundant (nr) database indicating which identity level is likely to represent a true hit (460% for LcdA, as blastp results with query sequence AEM62994 had at least 60% identity for strains known to carry this pathway, followed by a sharp drop in sequence identity to p43% for other matches; 465% for PduP and PduQ, as blastp results with query sequences ABC25528/9 had at least 73% identity for strains known to carry this pathway, followed by a sharp drop in sequence identity to p58%; for PduP (but not PduQ) two matches of 63% identity were also present in Thermoanaerobacterium spp.). Maximum likelihood phylogenetic trees (poisson model, 100 times bootstrap) were constructed using Mega5 (Tamura et al., 2011) . Sequences with at least 95% identity were grouped into phylotypes. Individual bacterial genomes were obtained from multiple sources and included 20 strains of human colonic Firmicutes bacteria (listed in Table 2 ) isolated at the Rowett Institute that were sequenced at the Sanger Institute as part of the MetaHit EU project (http://www. sanger.ac.uk/pathogens/metahit/).
Results
Succinate pathway
The succinate pathway of propionate formation has mainly been studied in bacteria belonging to the class Negativicutes. In V. parvula, the decarboxylation of methylmalonyl-CoA to propionyl-CoA is coupled with sodium transport across the membrane, which facilitates ATP generation via a sodium-translocating ATPase (Dimroth and von Ballmoos, 2008) , and the respective genes for the sodium pump decarboxylase have been characterised (mmdA-E, (Huder and Dimroth, 1993) ). The other pathway genes are encoded upstream of the mmd gene cluster, with the same gene configuration also being present in the human colonic anaerobes Dialister succinatiphilus YIT 11850 and P. succinatutens YIT 12067 (Supplementary Table S2 ). Genes with high similarity to V. parvula ATCC 17745 Genes with high sequence similarity to MmdA may also be involved in other pathways as detailed in the main text.
Propionate formation in human gut bacteria N Reichardt et al mmdA were also found in the genomes of the rumen species M. elsdenii DSM 20460 and S. ruminantium TAM 6421, although most of the remaining pathway genes were lacking in M. elsdenii (Supplementary  Table S2 ). Bacteroidetes strains also carry genes with similarity to mmdA (Table 2) , and this gene was therefore chosen as a molecular target for this pathway, as it exhibited the highest level of sequence identity between Negativicutes and Bacteroidetes (Supplementary Table S2 ). Degenerate primers were designed and validated against pure bacterial DNA of 21 strains, which indicated that they worked specifically for bacteria carrying the mmdA gene, most of which are known to use the succinate pathway (Supplementary Table S1 ). A clone library was constructed from human faecal DNA to confirm specificity of the primers, and clone libraries of 16S rRNA genes specific for both phylogenetic groups of bacteria carrying this pathway were generated in parallel. For the functional gene primers, 64 of 65 analysed clone sequences belonged to Bacteroidetes, with the final sequence having 72% identity to Clostridium hathewayi DSM 13479 ZP_6112601 (the C. hathewayi gene exhibits 67% protein sequence identity to V. parvula MmdA; however, only one further gene (mmdB, 60% protein identity) with similarity to the V. parvula gene cluster ZP_06259927-18 was found by blastp analysis in this bacterium). The clone distribution between different species agreed well with a Bacteroidetesspecific clone library based on the 16S rRNA gene (Supplementary Table S3 ), whereas a 16S rRNA gene clone library targeted specifically against Negativicutes detected mainly Phascolarctobacterium faecium (32 clones; also 1 clone closely related to Veillonella dispar, out of 44 clones analysed, Supplementary Table S3). P. faecium is reported to convert succinate to propionate (Del Dot et al., 1993) .
Acrylate pathway
Analysis of the acrylate pathway genes revealed the lactoyl-CoA dehydratase sequence to be most suitable as a marker gene for this pathway (Supplementary Table S4 ). The protein sequences of genes lcdA, lcdB and lcdC from the soil bacterium C. propionicum (accession numbers AEM62993-5), encoding the a-and b-subunits of the enzyme as well as the activator (Kandasamy et al., 2013) , were blasted against non-redundant protein sequences at NCBI, and phylogenetic trees were generated from the blast results (data not shown). Genes belonging to a limited number of bacteria (C. propionicum, C. botulinum type C and D, C. novyi, Megasphaera spp., C. catus, Desulfosporosinus spp., Peptinophilus indolicus and Fusobacterium sp.) formed a separate cluster for all three genes, which was most clearly delineated from other sequences for LcdA. The presence of C. botulinum type C and D but not other C. botulinum types in this cluster is in line with those strains (together with C. novyi) being able to convert lactate to propionate, whereas other C. botulinum types cannot utilise lactate (Rainey et al., 2009) . Furthermore, this cluster contained M. elsdenii, known to carry the pathway (Hino and Kuroda, 1993) , and we therefore postulated that it represents true lactoyl-CoA dehydratase genes. Analysis of genome arrangements of lcdABC was in agreement with this, as all the bacteria within this cluster contained propionate CoA-transferase two genes upstream, whereas other bacteria carrying genes of lower identity to lcdABC did not (Supplementary Table S4 ).
Interestingly, the gut bacterium C. catus GD/7 (Lachnospiraceae) also contained two homologues of the lactoyl-CoA dehydratase genes, one of which had a similar genome arrangement to that of C. propionicum and M. elsdenii (Supplementary Table  S4 ). C. catus has been reported to produce butyrate and propionate, whereas Coprococcus eutactus and Coprococcus comes produce butyrate together with formate or lactate, respectively, as main fermentation products (Ezaki, 2009a) . We tested different Coprococcus strains for their ability to utilise lactate for growth. C. eutactus ATCC 27759 and C. comes ATCC 27758 could not grow on lactate, but C. catus GD/7 was able to grow with 25 mM lactate on YCFA medium containing 30 mM acetate. Propionate became the main product and substantial lactate utilisation also occurred in the presence of 10 mM fructose, whereas growth on fructose in the absence of lactate led to the production of butyrate and net consumption of acetate (Figure 2 ). In order to determine the pathway used for lactate utilisation, 25 mM DL lactate with additional universally 13 C-labelled lactate at 10 molar % excess was added to the batch culture medium. All three labelled carbons are expected to appear in propionate when the acrylate pathway is used to convert lactate to propionate, whereas 50% of the propionate formed should contain only two labelled carbons when the succinate pathway is used (Gottschalk, 1979; Counotte et al., 1981) . On this basis, it was estimated Propionate formation in human gut bacteria N Reichardt et al that 94-96% of the 13 C from lactate flowed to propionate via the acrylate pathway, regardless of whether growth was with lactate alone or with lactate and fructose. Probe Ccat62, specific for C. catus, was designed and employed to determine the abundance of the C. catus group in faecal samples from 10 healthy volunteers (5 females and 5 males) between 24 and 60 years of age. C. catus was detected in samples from 9 out of 10 volunteers at mean populations of 2.02 Â 10 7 cells g À 1 , averaging 0.035% of total bacteria detected with the broad Eub338 probe.
To establish how widespread the acrylate pathway is within the human gut microbiota, the human metagenomic data set from Qin et al. (2010) , comprising data from 124 individuals (85 healthy, overweight and obese subjects and 39 IBD patients), was searched to identify genes with similarity to the lcdA gene from C. propionicum. Thirty-four hits with over 50% identity were found, with most of them falling within a cluster related to C. propionicum. Other sequences were closely related to M. elsdenii or C. catus, and one sequence (scaffold12607 3 V1 CD15) was not closely related to reference sequences (Figure 3, Supplementary Table S5 ). Thus, it appears that this pathway for propionate formation is present in a very restricted number of human gut bacteria. Degenerate primers designed against lcdA were employed to investigate whether they could specifically amplify the gene from a human faecal sample. Clone library analysis of 78 clones revealed that the primers showed limited cross-specificity to other genes (9 clones carried genes not closely related to lcdA). Three types of novel lcdA genes clustering with the oral isolate Clostridium sp. MSTE9gi and C. propionicum were found Figure 3 Phylogenetic tree of deduced protein sequence of lactoyl-CoA dehydratase gene lcdA. Database matches to C. propionicum (AEM62994) of at least 60% as well as the top hit below this cutoff (Desulfosporosinus orientis YP_004972292, 41%) are shown. The lcdA gene fragment of C. lactatifermentans DSM 14214 was sequenced in this study. The number of hits within the metagenomic data set of Qin et al. (2010) with at least 50% identity is indicated to the right (sequences with at least 95% identity were grouped; for a list of all hits see Supplementary Table S5) . Sequences from clone library analysis of a human faecal sample (X95% identity grouped) are shaded. Grey tree branches indicate genes with lower identity to C. propionicum assumed not to be bona fide lcdA genes.
Propionate formation in human gut bacteria N Reichardt et al (Figure 3 ). C. lactatifermentans is a chicken strain phylogenetically closely related to C. propionicum that utilises lactate and produces propionate (Rainey et al., 2009 ). In order to investigate whether one of the unknown sequences represents C. lactatifermentans, we cloned and sequenced the lcdA gene fragment from C. lactatifermentans DSM 14214. The sequence clustered with C. propionicumrelated sequences but did not correspond to any of the unknown sequences (Figure 3 ).
Propanediol pathway
The propanediol pathway has been detected in the phylogenetically distant bacteria Salmonella enterica serovar Typhimurium (Bobik et al., 1999) and R. inulinivorans (Scott et al., 2006) , suggesting that it might be present in other gut bacteria. The gene pduP, encoding a CoA-dependent propionaldehyde dehydrogenase that converts propionaldehyde to propionyl-CoA, was investigated for its suitability as a marker for this pathway. Blastp matches of R. inulinivorans PduP (ABC25528) of over 70% identity were found for several strains, most of which belonged to human gut Lachnospiraceae bacteria related to R. obeum (Figure 4 ). These bacteria are not reported to produce propionate (R. obeum produces acetate, R. torques produces lactate and acetate and R. gnavus produces acetate and formate on PYG medium, Ezaki, 2009b) . However, propionate production via this pathway is dependent on the carbohydrate available for growth in other bacteria, with fucose and rhamnose reported as being propionigenic (Scott et al., 2006; Saxena et al., 2010) . We therefore tested growth and fermentation product formation of R. obeum A2-162
Ruminococcus obeum A2-162 (CBL23217) Figure 4 Phylogenetic tree of deduced protein sequence of CoA-dependent propionaldehyde dehydrogenase pduP. Database matches to R. inulinivorans (ABC25528) of at least 60% as well as the top hits below this cutoff (Clostridium methylpentosum ZP_03705305, 57%; Geobacillus thermoglucosidasius YP_004587980, 54%) are shown. The number of hits within the metagenomic data set of Qin et al. (2010) with at least 55% identity is indicated to the right (sequences with at least 95% identity were grouped; for a list of all hits see Supplementary Table S6 ). Numbers of sequences from clone library analysis of a human faecal sample (X95% identity grouped) are shaded. Grey tree branches indicate gene with lower identity to R. inulinivorans assumed not to be bona fide pduP genes. along with other fermentation products (26.5 ± 1.0 mM acetate, 11.4 ± 1.0 mM formate and 3.7 ± 0.1 mM lactate). On rhamnose, R. obeum formed 10.6±1.4 mM propionate in addition to other fermentation products (18.8 ± 2.9 mM acetate, 8.1 ± 0.8 mM formate and 2.0±0.1 mM lactate), thus providing strong evidence that the propanediol pathway is indeed functional in this bacterium. The Qin et al. (2010) metagenomic database was searched for genes similar to PduP from R. inulinivorans (ABC25528) to investigate how widespread this pathway is within the gut microbial community. In total, 106 hits with at least 55% identity were found. Ninety metagenomic hits had over 70% identity to R. inulinivorans PduP, with 67 displaying over 95% identity to known bacteria (Figure 4 , Supplementary Table S6 ). Twenty-three sequences distributed across 10 phylotypes did not correspond to known bacteria and thus represent novel strains carrying this pathway. The sequences with over 70% identity to the known PduP gene of R. inulinivorans formed a tight phylogenetic cluster (Figure 4) , indicating that those genes represent bona fide pduP genes.
To enable a more targeted analysis of the pathway, degenerate primers were designed against pduP and used to amplify the gene from a human faecal sample. Forty-six clones were analysed, 43 of which were closely related to the sequence of Ruminococcus sp. 5_1_39B FAA, with three singletons closely related to Ruminococcus sp. SR1/5 and two sequences from the Qin et al. data set, respectively ( Figure 4) . As it was difficult to find highly specific sequence regions for degenerate primer design for this gene, primers were also designed for adjacent gene pduQ (encoding propanol dehydrogenase) to establish whether this gene could be used as an alternative marker gene. The Qin et al. (2010) data set was mined and a clone library was prepared from the same faecal sample as used for pduP.
Comparison of the metagenomic hits revealed good agreement for both genes (Supplementary Figure S1 , Supplementary Table S7 ). PduQ clone libraries were again dominated by Ruminococcus sp. 5_1_39B FAA, but 23 hits were also found for a metagenomic sequence only once detected in the pduP clone library (Supplementary Figure S1 ).
Discussion
We have employed a combination of genomic analysis and microbial physiology to investigate pathways of microbial propionate formation in the human gut microbiota. An overview of the pathway distribution in dominant human gut bacteria is given in Figure 5 . The succinate pathway appears to be the most abundant route for propionate formation, as it is present in the abundant phylum Bacteroidetes as well as in several Negativicutes bacteria. Furthermore, tblastn analysis of the metagenomic data set of Qin et al. (2010) revealed 478 matches of at least 60% to the V. parvula MmdA gene (ZP_06259922, data not shown). This number likely underestimates the number of true hits, as the level of sequence identity between the Negativicutes and Bacteroidetes genes is around 60% ( Table 2) . Most of the pathway reactions are shared with central carbon metabolism pathways (conversions within the citrate cycle, amino acid degradation and so on) but the decarboxylation of methylmalonylCoA to propionyl-CoA appears to be specific to the succinate pathway and it was hoped that the corresponding gene could be taken as diagnostic for this pathway. Sequences amplified with the degenerate mmdA primers were almost exclusively related to Bacteroidetes and no mmdA genes were recovered from Negativicutes despite evidence that the genes were amplified well from purified DNA of representative Negativicutes (Supplementary  Table S1 ). This is presumably due to the fact that Bacteroidetes are more abundant than Negativicutes in the human gut microbiota and also carry several copies of the gene (see below). Transcarboxylases, decarboxylases and carboxylases form part of a biotin-enzyme family (Lombard and Moreira, 2011) and the methylmalonyl-CoA decarboxylase alpha subunit (mmdA) from V. parvula shares similarity with the 12S subunit of methylmalonyl-CoA transcarboxylase of the dairy strain Propionibacterium freudenreichii (Kumar Bhat and Berger, 2007) and with the b-subunit of propionyl-CoA carboxylases. Many strains of Bacteroides carry several genes closely related to MmdA (for example, both B. thetaiotaomicron VPI-5482 and B. fragilis YCH46 have three genes with 58-62% identity to MmdA from V. parvula, Supplementary Table S2) . Although there is no evidence for propionate carboxylation to methylmalonyl-CoA in Bacteroidetes, we did detect biotin carboxylase (BC) domains, which are considered to be present only in carboxylases, next to two Bacteroides mmdA genes (B. thetaiotaomicron VPI_5482 NP_810362 and NP_810828 and B. fragilis YCH46 YP_098894 and YP_100806). This is in contrast to an earlier report that concluded that BC domains were not associated with propionyl-CoA carboxylase genes in Bacteroidetes genomes (Lombard and Moreira, 2011) . The presence of multiple mmdA gene copies, some of which might not encode true decarboxylases, therefore precluded assessment of the succinate pathway for propionate formation by degenerate PCR targeting the mmdA gene. As the phylogenetic distribution of this pathway is fairly coherent, targeting of Bacteroidetes and Negativicutes 16S rRNA genes offers a more satisfactory strategy for quantification of bacteria carrying this important pathway. Although M. elsdenii has an mmdA homologue, it lacks other pathway genes, suggesting that the mmdA-related gene product performs another function in this species. M. elsdenii is, however, able to produce propionate via the acrylate pathway.
The acrylate pathway for propionate formation was found to have a very limited distribution within human gut bacteria, and the genera shown to carry it in this study belong to different Firmicutes families. The most abundant lactoyl-CoA dehydratase sequences were most closely related to the Lachnospiraceae (Clostridial cluster XIVb) bacterium C. propionicum. Only three further sequence types were found, related to C. catus (Lachnospiraceae), M. elsdenii (Negativicutes), or not related to a cultured isolate. The abundance of these bacteria appears to be quite low, based on both the limited number of metagenomic matches found and the enumeration of C. catus by FISH analysis. Although we have demonstrated the operation of the acrylate pathway here for the first time in a human colonic isolate, C. catus GD/7, this pathway seems unlikely to have a dominant role in propionate formation in the human gut. The propanediol pathway, however, appears to be more widespread within the gut community and is present in some relatively abundant bacteria. The phylogenetic analysis indicates that most, if not all, bacteria carrying Rum.
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Figure 5 Distribution of different pathways for propionate and butyrate formation in dominant human gut bacteria, based on genome searches of corresponding genes (Table 2 ; note that no sequence information is currently available for C. lactatifermentans), metagenomic mining ( Figures 3 and 4) and validation of degenerate primers (Supplementary Table S1 ). C. lactatifermentans and M elsdenii originate from animal hosts (chicken and sheep, respectively). They are included as closely related bacteria are carriers of the acrylate pathway based on human metagenome mining (Figure 3 ). 16S rRNA sequences were obtained from the Ribosomal Database Project (Cole et al., 2009) . Phylogenetic assignment-Lach.: Lachnospiraceae, Rum.: Ruminococcaceae, Neg.: Negativicutes, Ver.: Verrucomicrobia, Bact.: Bacteroidetes. P1-P3, B1-B2: Propionate and butyrate pathways as per Table 2 . Question marks indicate the presence of genes with X50% sequence identity ( Table 2) . As M. elsdenii is known to produce butyrate and A. munciniphila propionate, this has been taken into consideration for the assignment of pathways.
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